There have been several attempts to stabilize proteins through the introduction of engineered disulfide bonds. For reasons that are currently unclear, these have met with mixed success. Hence identification of locations where introduction of a disulfide cross-link will lead to protein stabilization is still a challenging task. A computational procedure, MODIP, was introduced more than a decade ago to select sites in protein structures that have the correct geometry for disulfide formation when replaced by Cys. In this study, we re-evaluated the stereochemical criteria used by MODIP for the selection and gradation of sites for modeling disulfides. We introduced steric criteria to check for energetically unfavorable non-bonded contacts with the modeled disulfide, since these can considerably offset the stabilizing effect of the cross-link. The performance of the refined procedure was checked for its ability to correctly predict naturally occurring disulfide bonds in proteins. A set of proteins in which disulfide bonds were introduced experimentally were analyzed with respect to MODIP predictions, stability and other parameters such as accessibility, residue depth, B-factors of the mutated sites, change in volume upon mutation and loop length enclosed by the disulfide. The analysis suggests that in addition to proper stereochemistry, stabilizing disulfides occur in regions of low depth, relatively high mobility, have a loop length greater than 25 and where the disulfide typically occupies a volume less than or equal to that of the original residues.
Introduction
One of the main objectives of protein engineering is to produce variants with altered stability. Enzymes having greater stability at elevated temperatures or high salt concentrations are desirable for various commercial applications. Hence, rational approaches aimed at designing mutant proteins with improved stability are of great utility. Theoretical and experimental studies have revealed the factors that are important for protein stability (Matthews, 1993; Chakravarty and Varadarajan, 2000; Chakravarty et al., 2002) . These include hydrogen bonds, hydrophobic interactions, salt bridges and ion-pair networks, which are individually weak, but in summation can confer considerable stability to the protein. In addition, in several proteins, disulfide bridges contribute significantly to the Protein Engineering 16(3), © Oxford University Press 187 stability of the protein. The stabilization effect is thought to be due mainly to reduction of main-chain entropy in the unfolded state. Studies on proteins lacking naturally occurring disulfides have shown the importance of these covalent bonds in folding and stability of the protein (Pace et al., 1988) . A single disulfide bridge can stabilize the protein by 2-5 kcal/mol (Creighton, 1988; Tidor and Karplus, 1993) . Thus introduction of disulfide bridges by site-directed mutagenesis is an attractive strategy to engineer proteins with additional stability.
Several previous studies have reported experiments examining the effect of newly introduced disulfide bridges on the structure and stability of proteins. While some of these studies have resulted in striking stabilization of the mutant compared with the wild-type, many of the mutants showed moderate stabilization or even destabilization of the mutant (Wells and Powers, 1986; Mitchinson and Wells, 1989; Matsumura and Matthews, 1991; Clarke et al., 1995) . A good stereochemistry of the introduced disulfide is indeed essential, since atypical stereochemical features result in higher strain energy, which can offset the stabilizing effect of the disulfide cross-link (Katz and Kossiakoff, 1986) . Simultaneously, loss of existing interactions after substituting with cysteine and unfavorable steric contacts can also have a destabilizing effect (Mitchinson and Wells, 1989) . Hence it is important to consider these aspects while selecting novel sites for substitution with Cys residues. In addition to these factors, disulfides may also lead to stabilization of the unfolded state through favorable enthalpic interactions (Doig and Williams, 1991) . However, at present, there is no way to take such effects into account satisfactorily.
With the aim of predicting sites in a protein which are geometrically suited for disulfide bridge formation, a computational procedure called MODIP (for Modeling of DIsulfide bridges in Proteins) was developed (Sowdhamini et al., 1989) . The evaluation of modeled sites was done through a grading system using certain conformational parameters that were found to be typical of disulfide bridges. All non-Gly residue pairs that satisfy the C α ...C α and C β ...C β distance criteria are selected for fixation of a hypothetical sulfur atom, using a geometric procedure (Sowdhamini et al., 1989) . To evaluate the modeled disulfide, a gradation scheme was used to rank the predicted disulfides based on certain stereochemical parameters (dihedral angles and S-S bond distance). Thus, a disulfide bridge modeled with dihedral angles within an ideal range of values, typical of naturally occurring disulfide bridges, was assigned grade 'A'. A site which was geometrically suitable for formation of the S-S covalent bond, but would have a somewhat distorted stereochemistry, was assigned grade 'B', and sites which were simply close enough in space potentially to allow the formation of the disulfide bond were assigned grade 'C'.
In this paper, we report the further modification of the program MODIP with some additional criteria for selection of sites and a new scheme for the evaluation of the selected sites.
The criteria employed by the previous version of MODIP were revisited using a much larger database of proteins than was initially available. In addition, the new version of MODIP checks for any kind of energetically unfavorable steric interaction in the immediate vicinity of the sulfur atoms that are introduced. Thus a modeled disulfide with good stereochemistry but severe steric hindrance will be deemed a lower priority prediction than one which is free of steric hindrance or at best has only some marginal steric contacts. The performance of MODIP was tested by its ability to predict successfully disulfides that already exist in proteins. Since this and other disulfide modeling procedures were first proposed, there have been many experimental attempts at protein stabilization through engineered disulfides. We therefore carried out a systematic comparison to find correlations between MODIP predictions and stability of mutant proteins where disulfide bridges have been experimentally introduced by site-directed mutagenesis. This analysis also points towards several additional criteria that can be applied while short-listing appropriate sites to introduce disulfide bridges.
Materials and methods

Selection of dataset for analysis of MODIP predictions
The 1997 release of the Protein Data Bank (Berman et al., 2000) containing 6017 entries was chosen for the analysis. Entries of crystal structures from this database were selected to build a non-redundant dataset by using two criteria: (1) the structure should have a resolution of 2.0 Å or better and (2) the data set should not contain entries for which the sequence homology between any two polypeptide chains is more than 40%. This yielded 571 unique polypeptide chains from a total of 538 proteins.
Energy calculations
Non-bonded energies of interaction for the contacts involving the modeled sulfur atoms were calculated using an energy function, with constants as described earlier and summarized below. The potential used is of the form Ae -µr -Br -6 , where r is the distance between the two non-bonded atoms. Parameters (Aϫ10 -4 , B) are indicated in parentheses for the following atom pairs: S, N (124.2, 1038); S, O (90.5, 855.2); S, C (188.2, 1076) (Chandrasekaran and Balasubramanian, 1969) . A value of 4.6 has been used for µ (Ramachandran and Sasisekharan, 1968) .
Results and discussion
The 538 proteins were further classified mainly based on the presence or absence of Cys residues and disulfide bridges. Thus the final dataset of disulfide bridge containing proteins consisted of 172 entries representing 730 disulfides. A schematic diagram showing the details of selection of the dataset is shown in Figure 1 . This dataset was used for further analysis of stereochemical features of disulfide bonds and MODIP predictions.
MODIP revisited
The original criteria used by the program MODIP were based on the conformational parameters of disulfide-bridged cysteine residues derived from 22 well-resolved crystal structures (Sowdhamini et al., 1989; Srinivasan et al., 1990) . With the rapid growth in the number of crystal structures reported since then, it became relevant to ask if the parameters originally used by MODIP for modeling and evaluation of disulfide bridges require revision on account of the increase in the data. The different parameters that were evaluated include the nonbonded distances C i α ...C j α (r α ) and C i β ...C j β (r β ) (where residues i and j are cysteines that are connected by an S-S bridge) and torsion angles χ ss , χ 1 i , χ 1 j . Of these, r α and r β are used by MODIP for initial selection of residue pairs for modeling Cys residues; while the torsion angles χ ss , χ 1 i , χ 1 j are used as criteria for assigning grades to the modeled disulfides. Since the earlier criteria were postulated with the then available data on disulfide bridges, it was felt worthwhile to redo the analysis using the much larger number of examples occurring in the present data. Parameters r α and r β The distribution of these distance parameters for the two sets of data (earlier and present) is shown as histograms in Figure  2 . A cursory look at the figures shows that the overall distributions and peak intervals are very similar. However, the finer structure of the distribution is somewhat altered. The program MODIP makes use of these distances as upper limit cut-offs (6.5 Å for r α and 4.5 Å for r β ). It can be seen that these limits are not very different in the dataset of disulfidebridged cysteines. However, in order not to miss out borderline cases, the upper limits used for r α and r β are slightly increased to 7.0 and 4.7 Å, respectively, in the modified version of MODIP. In addition, lower limit cut-offs of 3.8 and 3.4 Å for r α and r β , respectively have been introduced.
The distribution for the angular parameters χ ss , χ 1 and χ 2 are shown as circular histograms in Figure 3 for both the earlier and the current data.
Parameter χ ss Figure 3a shows the distribution of this parameter in the two sets of data. The close similarity of the two histograms can easily be observed. In quantitative terms the values are more or less equally distributed around |χ ss | ϭ 90°in both cases, with a marginal increase in the percentage around χ ss ϭ ϩ90°. Thus the limits of 60 and 120°for |χ ss | are still suitable for modeling purposes. Parameters χ 1 and χ 2 Figure 3b and c show the distribution of these parameters in the two datasets. As with other amino acids, values of these χ 1 angles typically occur around Ϯ60 and Ϯ180°(staggered positions). Again, the histograms for the two datasets are strikingly similar, with about 65% of the examples distributed about -60°for χ 1 in the two datasets, 25% around χ 1 ϭ 180° 
for the earlier dataset (Srinivasan et al., 1990) and the current dataset.
and about 12% around χ 1 ϭ ϩ60°. In the previous version of MODIP |χ 1 i | and |χ 1 j | were restricted to values between 30 and 90°or between 150 and 180°. These limits have been retained in the present version of MODIP. Values of χ 2 were found to lie largely around -60 (~41%) and around ϩ60°(~20%) in both the present and the earlier datasets. However, these values are not used for the MODIP calculations. In summary, this analysis only goes to show that the ranges of values of different parameters preferred for the formation of disulfide bridges are very consistent between the older and the present datasets, thus justifying their use for computational modeling.
Since the procedure uses grades (A, B or C) to evaluate the stereochemistry of the modeled disulfide (Sowdhamini et al., 1989) , sites in proteins where existing disulfides are located should ideally be modeled with a high grade. Since the current dataset is~300-fold larger than the earlier dataset, the program can be tested against those additional entries which are found only in the present dataset. When this is done, it is found that 100% of these naturally occurring examples are predicted by MODIP, of which an overwhelming majority (84.6%) are modeled with near ideal stereochemistry (A grade) and the modeled conformation was virtually identical with the experimentally observed conformation. In addition, we also analyzed burial of cysteine residues involved in disulfide bonds in proteins. Figure 4a shows the residue accessibilities of disulfide-bridged cysteine residues in naturally occurring disulfides. The accessibilities are typically in keeping with the general (Srinivasan et al., 1990) and the current datasets. The remarkable similarity between the corresponding histograms is clearly visible. The percentages for various ranges are indicated on the circumference of the histograms. (Lee and Richards, 1971 ) and (b) residue depth (Chakravarty and Varadarajan, 1999). notion (Thornton, 1981; Srinivasan et al., 1990; Petersen et al., 1999) that disulfide bonds occur at buried locations in protein structures. Recently, we have developed an alternative measure of residue burial known as residue depth. Depth is a measure of the distance of an atom or residue from the protein surface (Chakravarty and Varadarajan, 1999) . It was previously shown that residue depths typically vary from about 4 to 10 Å and completely buried residues typically have depths Ͼ6 Å (Chakravarty and Varadarajan, 1999) . The data in Figure 4b show that, although buried, disulfides are in fact typically located fairly close to the protein surface. D (destabilized) or N (no change in stability). c Calculated as 2 ϫ (standard Voronoi volume of cystine) -(sum of standard Voronoi volumes for the pair of mutated residues). Standard Voronoi volumes of residues were obtained from the Macromolecular Geometry webpage (http://bioinfo.mbb.yale.edu/hyper/mbg/SurfaceVolumes/StdCoreVolumes.xtalatoms). d The disulfide is formed between residues on different subunits (intermolecular disulfide).
Introduction of steric criteria and grade factor
The original version of the program MODIP detected geometrically suitable sites in a protein for modeling the disulfide bridge. The sites where modeled disulfides could assume a good geometry were assigned grade 'A', while other sites were assigned a 'B' or a 'C' grade; the final listing of possible sites was classified according to these grades. The predictions made by MODIP and other disulfide modeling programs Hazes and Dijkstra, 1988) have been verified experimentally with varying degrees of success (Matsumura and Matthews, 1991; Gokhale et al., 1994; Clarke et al., 1995; Gopal et al., 1999; Robinson and Sauer, 2000) . Several mutational studies have shown that, although introduction of disulfide bonds in a protein can sometimes lead to an increase in its stability, in several cases such a change leads to overall destabilization of the mutant protein with respect to the wildtype (Mitchinson and Wells, 1989; Matsumura and Matthews, 1991; Hinck et al., 1996) . One of the possible reasons for this could be steric hindrance of the newly introduced cysteine residues with surrounding atoms. This destabilizing effect can partially or completely offset the stabilization offered by the covalent disulfide bond. Hence, it was felt necessary to introduce a steric criterion for evaluation of the modeled disulfides. Furthermore, such an additional criterion would help in eliminating geometrically feasible but sterically unfeasible sites and this, in turn, could be expected to increase the overall stability of the protein. With this in mind, the program was upgraded to include a search for non-bonded contacts with atoms immediately surrounding the modeled sulfur atom, which may cause steric clashes with the modeled cysteine residues. All atoms which lie within a sphere of radius 4 Å, with the modeled sulfur atom as center, are picked up for energy calculations. Non-bonded energies of interaction of sulfur atoms with these atoms were evaluated.
In order to facilitate short-listing and easy selection of appropriate sites for mutation experiments, a new scheme has been introduced for evaluation of the modeled disulfide bridge. This scheme combines the former grading system with the newly introduced steric criteria. To start with, a numerical value (hereafter referred to as 'grade factor') is assigned to each stereochemical grade. Grades A, B and C are assigned grade factor values of 10, 8 and 5, respectively. A penalty is deducted from the grade factor for each predicted site that shows a positive value for non-bonded energy of interaction; for every kcal/mol (positive value) of the total non-bonded energy, a unit 'penalty' is deducted. If the positions of sulfur atoms cannot be fixed, an additional unit is deducted. The final grade factor value is thus representative of both the stereochemical and steric suitability of the modeled disulfide bridge with respect to its surrounding microenvironment. While the relative grade weightage assigned to the disulfide stereochemistry and steric short contacts is arbitrary, the final value of the grade factor indicates if there is substantial steric overlap of the modeled disulfide with its surrounding. The final output enlists the predictions in descending order of the values of the grade factor. It can be seen that if the penalty due to steric hindrance is large the final grade factor can be a negative value, even for a better stereochemical grade. For instance, if there is a predicted disulfide which can be modeled as either an 'A' or a 'B' grade, but modeling in 'A' grade alone results in severe steric hindrance, then a grade with a better net grade factor ('B', in this case) will be assigned to Fig. 5 . Analysis of factors that result in stabilization by engineered disulfides. The number of occurrences of stabilizing and destablizing disulfides are shown as a function of (a) average accessibility of the wildtype residues; (b) average depth of the wild-type residues; (c) average side chain B-factor of wild-type residues; (d) residue separation, where the asterisk indicates that the two residues are on different chains, hence an intermolecular disulfide bond is formed; (e) change in volume upon mutation (see footnote to Table I for definition of ∆Volume).
the predicted site. Thus a balance between stereochemical grade and steric hindrance is obtained. The output also gives the details of atoms involved in short contacts. This can be used to design additional residue substitutions to relieve these short contacts.
As a first step to check the correctness of the procedure, its ability to predict naturally existing disulfides in proteins with good grades and grade factor was tested by running the modified version of MODIP with the dataset of 172 proteins containing disulfide bonds. It is important to note that the modeling procedure does not take into account any information about the presence/absence of disulfide linkages (or their location) in a protein; disulfide-bridged cysteine residues are treated identically with any other non-Gly residue. Satisfactorily, most naturally occurring disulfide bridges were modeled with an 'A' grade (80.6%, after including the steric criteria, as against 84.5% without applying steric criteria). Thus, only a small fraction of the disulfide bridges that were previously modeled as 'A' grade are now modeled as 'B' or 'C' grades, after applying the steric criteria.
Analysis of reported disulfide mutants
In the past, several attempts have been made, with varying degrees of success, to introduce disulfide bridges in proteins with the aim of increasing stability. In a small subset of these proteins, crystal structures of the mutant proteins are also available (Pjura et al., 1990; Jacobson et al., 1992; Wakarchuk et al., 1994; Clarke et al., 1995; Velanker et al., 1999) . MODIP was further tested, using proteins in which stability data for disulfide engineered mutants were available; MODIP was used to analyze the crystal structure coordinates of the wild-type protein. The results of this analysis are shown in Table I and Figure 5 . The criteria used by the experimentalists to select sites for mutagenesis in these proteins were not necessarily the same as those used by MODIP, although in all cases spatial proximity of the two residues to be mutated is considered.
Of the 47 mutations in 24 proteins, 30 resulted in increasing the thermodynamic stability of the protein at least by a small degree; in 14 examples the introduction of the disulfide bridges resulted in a decrease in stability and in three cases no change was seen. Within this dataset, several were either not predicted at all by MODIP or were predicted only as grade C, although some of these were successful in imparting stability in the protein. For example, of the three stabilizing mutants of T4 lysozyme, only one is predicted as grade C (grade factor ϭ 5). This suggests that, although these sites appear to be geometrically less preferred for disulfide formation in the wildtype structure, the protein structure is able to relax so that it can accommodate a disulfide bridge with good stereochemistry. The crystal structure of the disulfide mutants of T4 lysozyme supports this assertion. For the disulfides in the X-ray structures of the three stabilizing mutants, all have grade factors of 10, although two of these sites did not satisfy the MODIP criteria when the structure for the wild-type was used. The only scenario in which MODIP will not consider a site at all will be when the C α ...C α and C β ...C β distances of the two residues deviate considerably from standard values for disulfide bridges.
Comparison of the crystal structures of the 9-164 (Pjura et al., 1990) and 21-142 (Jacobson et al., 1992) disulfide mutants of T4 lysozyme with the wild-type structure has revealed that backbone atoms of the region containing the respective sites have moved closer by about 2.5 Å upon mutation. A similar situation is also observed in the case of disulfide mutants of barnase (Clarke et al., 1995) and Bacillus xylanase (Wakarchuk et al., 1994) . Hence even C grade disulfide can be considered as a candidate for mutagenesis, provided that the steric penalty is minimal and the sites are in relatively flexible regions of proteins.
Since different studies used different measures of stability, for the data in Figure 5 engineered disulfides are classified only as stabilizing or destabilizing. More detailed descriptions of the measured stability changes can be found in Table I . Figure 5a and b show accessibilities and residue depths at sites where disulfides have been introduced through mutation. Figure 5b indicates that stabilizing mutations are more likely to be located close to the protein surface with depths of 3-5 Å. Figure 5c shows average side-chain B-factors at sites selected for mutation. Stabilizing disulfides are typically in regions of medium to high mobility. The side chain B-factors are predominantly in the range 20-40 Å 2 . Figure 5d shows the stabilization as a function of the residue separation (loop length enclosed by the disulfide, in number of residues) between the two mutated sites. As expected from theoretical considerations (Schellman, 1955; Pace et al., 1988) there is little stabilization at smaller loop lengths, Ͻ25 residues. A large fraction of the stabilized mutants have loop lengths between 25 and 75 residues. Inter-subunit disulfide bridges also appear to result in stabilization in a large fraction of such examples that were studied. Figure 5e shows the correlation of stabilization with the difference in the standard residue volume before and after mutation.
Since MODIP and also other disulfide prediction programs typically yield large numbers of sites where disulfides may be introduced with acceptable stereochemistry, the problem is to predict which of these are most likely to result in protein stabilization. The data in Figure 5 and Table I suggests that amongst these predicted sites it is desirable to choose ones that are in relatively mobile regions close to the protein surface. This ensures that the protein structure can relax without incurring a significant energetic penalty. The modeled disulfides should not have significant steric overlaps with the surrounding atoms, especially with main chain atoms. Finally, the sequence separation between the mutated residues should be Ͼ25 192 residues and cases where the change in volume is more than ϩ25 Å 3 or less than -75 Å 3 should be avoided. Positive volume changes typically result in steric overlap while large negative volumes are indicative of cavity formation and loss of van der Waals interactions. Both of these situations are energetically unfavorable. When selecting sites in proteins for mutagenesis, use of these additional criteria is likely to enhance the probability that the engineered disulfide will result in protein stabilization.
